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ABSTRACT 
 This thesis uses discrete event simulation and statistical methods to further 
analyze the U.S. Marine Corps Expeditionary Energy Office’s IPOWER tool, which is 
currently focused on analysis of squad-level operations and scales the simulation to the 
platoon level. The results of this work show that there is significant variability when 
analyzing the mission parameters that have the largest impact on energy usage. The 
model developed by this thesis incorporates variability into the operator’s decision, 
allowing the operator to see a distribution of possible outcomes, which represents the 
stochastic nature of military operations in more detail than is possible using IPOWER. 
This allows the operator to assume a level of risk, how much of the distribution to 
include, in determining the number of batteries required to complete the mission. It was 
determined that radio usage during the attack/intel phase and the radio’s initial battery 
capacity are the most significant factors in all prediction models. The results of this thesis 
can help to improve the Marine Corps’ management of the War Reserve Materiel 
Program, logistics planning for operations that require high energy demands, and 
wargame analysis. 
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The objective of this thesis is to inform U.S. Marine Corps (USMC) operational 
energy policy through an analysis of battery usage in infantry operations. In support of that 
broader objective, this thesis conducts analysis of the USMC Expeditionary Energy 
Office’s IPOWER tool, a deterministic program which only focused on squad level 
operations, by developing a scalable simulation. To achieve this objective, it was important 
incorporate operational/environmental variability and use a statistical method to make 
recommendations to inform decision-maker’s understanding on what variables have the 
largest impact on battery usage.  
The USMC developed IPOWER as a tool to aid its warfighters/mission-planners in 
analyzing energy consumption by varying mission equipment and mission profiles. 
According to Stroman (2018), the IPOWER tool allows its operators to construct mission 
profiles (timelines) using its pre-defined mission blocks and additionally the operator is 
able to vary location, temperature, unit structure, activity timeline (durations) and carried 
equipment. IPOWER will output a consumed energy analysis and determine the required 
number of batteries to complete the mission. IPOWER uses built-in equations to account 
for temperature’s effect on battery efficiency but does not account for the batteries state of 
charge (SoC). IPOWER assumes all batteries are 100% full, but the SoC may depreciate 
as the battery ages prior to use.  
The vignette developed by Alisa et al. (2019) and their results were used to develop 
an expanded systems architecture that can serve as the basis for an operational simulation 
model in ExtendSim.  The vignette consists of a Marine rifle squad and platoon commander 
conducting a penetration maneuver against an opposing force, which can be described in 
two major phases consisting of the plan/intel collection phase and the attack phase. Phase 
one consists of two activities which include mission planning and the collection of enemy 
intelligence. The mission planning and activity durations are assumed by Alisa et al. Phase 
two of the vignette consists of the actual penetration attack and does not concluded until 
after OPFOR has retreated and BLUFOR clears the area.   
xviii 
Using the capstone teams’ vignette (Alisa et al. 2019), a high-level EFFBD was 
created to show the inputs and variables that will determine the output of the ExtendSim 
model. The objective of this model is to determine the energy consumption of the platoon 
squad throughout the mission. From the energy consumption the number of batteries 
needed by the platoon can be determined. The model tracks and outputs the energy 
consumption of the specific equipment used by individual type (Figure 1). The individual 
types consist of one platoon commander, one squad leader, three fire team leaders and nine 
riflemen.   
 
Figure 1. High-Level EFFBD 
The mission described by Alisa et al. was decomposed into four essential functions 
(Plan, Observe, Attack and Secure Area) that the rifle squad must complete to accomplish 
the mission. All individual types go through the same function tasks throughout the model. 
The model tracks the energy consumption during each activity, accumulates the total 
energy consumption of each individual and equipment type at the end of the model. 
xix 
Following the modeling approach described in MacCalman et al. (2016), an 
ExtendSim model was created incorporating the architecture and operational concepts. 
Figure 2 depicts the high-level functions/tasks (Plan, Observe, Attack and Secure) that 
must be accomplished to complete the mission. 
 
Figure 2.  ExtendSim Model 
The ExtendSim model produces the amp-hours used by individual type and 
equipment type. The number of batteries needed by equipment type is then calculated by a 
set of equation blocks. 
A range of range environmental variables, system variables and operational 
variables were used in the Nearly Orthogonal and Balanced (NOB) design template, 
developed by Vieira et al. (2013), to create 512 design points for the design of experiment 
(DOE). Each of the 512 design points were replicated thirty times. Using the central limits 
theory, a sample size of 30 will sufficiently account for the variability associated with each 
individual model run. This ultimately resulted in 15,360 simulation runs. 
One of the goals of this thesis is to compare the data analysis conducted by Alisa 
et al. (2019) with the results of this thesis ExtendSim model. The team focused on the AN/
PRC-153 (handheld radio) as it had the highest usage throughout the mission. The team’s 
analysis (Alisa et al. 2019)  consisted of four simulations assessing the capability of 
IPOWER. The NOB design provides a much broader and more robust experiment design, 
creating 512 design points or scenario variations versus only looking at 4 variations. 
Figure 3 shows the results for the total AN/PRC-153 batteries required to complete the 
mission. The results show the riflemen (nine total riflemen) required a mean of 22.83 
battery packs to complete the mission. Since it is impractical to carry only 0.83 of a battery, 
xx 
we will assume the model requires 23 batteries. The capstone teams baseline analysis, 
variations 1 and 2 would equate to 29.7 batteries, 40.5 batteries and 31.5 batteries required 
for a total of 9 riflemen.  
 
Figure 3. Total AN/PRC-153 Batteries’ Histogram and Data 
Summary 
Their results are shown to fall on the higher end of the distribution created by JMP. 
The capstone teams baseline model and variation 2 fall with the 97.5% quantile while 
variation 1 exceeds the maximum value of the distribution.  
Through regression analysis, this thesis explored the other equipment used in this 
model to see what factors had the most impact on the batteries required. Table 1 lists the 
top five variables used in their respective prediction models, shown in order of significance. 
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Table 1.  Prediction Model Top Significant Factors 
 
 
Radio usage during the attack/intel phase and the radio’s battery capacity were 
significant factors in all prediction models. In addition, those three factors had the same 
order of precedence in all the models except for the AN/PRC-150. Both the AN/PRC-153 
and AN/PRC-152 had the same top five factors and both prediction models have extremely 
significant correlation to the data 
This thesis shows that IPOWER is capable of calculating energy usage and 
additionally this work highlights the potential limitations of IPOWER. All models are only 
as reliable as the assumptions that constrain their output.  Opportunities for error occur 
without accurate equipment databases and for operators with limited to no operational 
experience. Due to a lack of available information from product descriptions, some 
assumptions were needed to define radio set performance parameters. Additionally, 
IPOWER gives significant control to the user by allowing the operator to define mission 
parameters, equipment usage rates, durations and  equipment parameters. This thesis, 
through experimental design, shows there is significant variability when trying to define 
mission parameters in a program like IPOWER. It is impossible to predict exact mission 
durations, exactly how fast forces will travel, exact environmental conditions, initial 
battery capacities and their usage rates. This amount of variability can significantly 
influence IPOWER’s output and may give an unrealistic answer. The model developed by 
this this thesis incorporates variability into the user’s decision, allowing the operator to see 
a distribution of possible outputs. This allows the operator to assume a level of risk, how 
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In February 2011, the Commandant of the Marine Corps signed the Expeditionary 
Energy Strategy and Implementation Plan, declaring energy as one of his top priorities. 
Due to operational strategies that increased dependence on energy, the new plan stated:  
The current and future operating environment requires an expeditionary 
mindset geared toward increased efficiency and reduced consumption, 
which will make our forces lighter and faster. We will aggressively pursue 
innovative solutions to reduce energy demand in our platforms and systems, 
to increase our self-sufficiency in our sustainment, and reduce our 
expeditionary footprint on the battlefield. Transforming the way we use 
energy is essential to rebalance our Corps and prepare it for the future. 
(Marine Requirements Oversight Council 2011) 
Technology has increased Marine Corps capability in precision weapons strikes and in 
command, control, communications, computer, intelligence, surveillance and 
reconnaissance (C4ISR). That increase in precision strike and capability has resulted in an 
associated increase in sustainability and supportability challenges.  Notably in “over 70 
percent of logistics required to sustain Marine Corps expeditionary forces ashore is liquid, 
fuel and water” (Marine Requirements Oversight Council 2011, 1). Since 2001 the Marine 
Air Ground Task Force (MAGTAF) has seen a 250% increase in radios, and a 300% 
increase in computer and new system technologies (Marine Requirements Oversight 
Council 2011, 1). Infantry battalions have increased vehicle numbers by 200% for 
distributed mobility (Marine Requirements Oversight Council 2011, 1)The increased 
demand for fuel (energy) poses as an increased vulnerability. The Commandant of the 
Marine Corps 2025 Vision and Strategy states the Marine Corps will:  
• achieve resource self-sufficiency in our battlefield sustainment 
• reduce energy demand in our platforms and systems 
• reduce our overall footprint in current and future expeditionary 
operations. (Marine Requirements Oversight Council 2011, 1) 
This recent emphasis on resource self-sufficiency and reduced energy demand is an 
expansion of work over the past several decades. In 1996, the Analytical Systems 
2 
Engineering Company reviewed battery support to Marine forces. Their final report 
consisted of a study of the Marine Corps battery management revealing a gap due to a lack 
of comprehensible plan or methodology to manage battery consumption. During Desert 
Storm, there was evidence of excess requisitions and improper battery storage causing 
shorter battery lifespans which increased disposal rates and high logistic strain (Analytical 
Systems Engineering Corporation 1996). The final report also revealed additional key 
points: 
• There was no complete list of Marine Corps ground equipment items 
which use batteries, and the type(s) of batteries each item uses. 
• Most Marine Corps units do not maintain battery usage data. 
• Only some technical manuals contained battery use data. 
• Battery-using equipment with the Marine Corps equipment inventory 
changes often, but corresponding data on battery usage does not tend to 
keep up with the changes. 
• The economically efficient ordering quantities for non-rechargeable 
batteries are not precisely known, but the current practice of ordering 
very large quantities infrequently and at uneven intervals is inefficient. 
(Analytical Systems Engineering Corporation 1996) 
To assist with the new energy initiative, the USMC founded the Expeditionary 
Energy Office (E2O) in 2009 to guide expeditionary energy across all warfighting 
functions. E2O has supported that tasking through development of energy specific analysis 
tools with multiple U.S. Navy research institutions.  Notably,  “The U.S. Naval Research 
Laboratory began working with the U.S. Army Research Development and Engineering 
Command, Communications-Electronics Research, Development and Engineering Center 
in 2014 to simulate how Soldiers use energy” (Stroman 2018a, 119). The E2O has 
developed the Intelligent Power Optimization with Environmental Reactivity (IPOWER) 
software as a method to inform acquisition requirements and mission planning concerning 
energy management. To this point, the IPOWER software has restricted analysis to 
deterministic assessment of specific scenarios.  This thesis seeks to expand that scope 
through a stochastic analysis of energy and battery usage in multiple scenarios.” 
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B. PROBLEM DEFINITION  
The USMC relies on a propriety software program, named IPOWER, to conduct 
operational analysis of small unit power requirements. To expand the detail and rigor 
associated with that analysis, this thesis will define a USMC ground force mission profile 
through analysis of USMC doctrine and utilized equipment to evaluate the success of an 
energy-area mission. Additionally, it will examine the operational, environmental, and unit 
configuration decisions that have the largest impact on battery usage. 
C. THESIS OBJECTIVES  
Conducting an analysis of the IPOWER software will help improve the Marine 
Corps management of the War Reserve Materiel Program, aid in the logistics of mission 
planning requiring high demands of energy and aid in the analysis (war gaming) of 
plausible future vignettes to develop future military strategies. 
This thesis uses statistical methods to further analyze E2O’s IPOWER tool, which 
is currently focused on analysis of squad level operations and scales the simulation to the 
platoon level. This study will further increase decision makers ability to support Marines 
in tactical environments. Accordingly, the following steps will be executed to support the 
analysis method: 
1. Define/Create an IPOWER mission profile/mission block and operating 
conditions and equipment applicable to current USMC operations.  
2. Develop an overall systems architecture that captures the operational 
activities and system elements associated with USMC small unit 
operations.  
3. Create a discrete simulation in ExtendSim of the defined IPOWER 
mission and outputs.   
4. Provide analysis of simulation to identify key performance factors and 
compare results with IPOWER’s outputs 
4 
D. SYSTEMS ENGINEERING APPROACH   
This thesis integrates recent work in model-based systems engineering (MBSE) and 
mission engineering (ME) to define and develop a consistent system architecture, mission 
profiles, and operational simulation models. The International Council on Systems 
Engineering (INCOSE) defines model-based systems engineering (MBSE) as “the 
formalized application of modeling to support system requirements, design, analysis, 
verification and validation activities beginning in the conceptual design phase and 
continuing throughout the development and later life cycle phase” (INCOSE 2007, 15). 
The Office of the Deputy Assistant Secretary of Defense for Systems Engineering defines 
Mission Engineering (ME) as the “deliberate planning, analyzing, organizing, and 
integrating of current and emerging operational and system capabilities to achieve desired 
warfighting mission effects” (Gold 2016). According to Beery and Paulo (2019, 1), both 
“MBSE and ME have gained significant traction throughout the domain of systems 
engineering, as well as with the Department of Defense.” This thesis assumes stakeholder 
analysis was previously conducted, an appropriate problem and need was determined in 
the creation of IPOWER. This work will continue to focus on the Conceptual/Preliminary 
Design phase of the system life cycle. 
This thesis integrates the methodology of MBSE into ME to apply a mission 
simulation model for further analysis and to support the creation of IPOWER’s 
requirements, system design and system analysis. The integration of these concepts and 
results of this thesis may increase the understanding of IPOWER’s capabilities and how 
the warfighter can further implement the system in mission planning. 
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II. LITERATURE REVIEW 
A. IPOWER 
The objective of this research is to further analyze the IPOWER software by 
conducting a discrete event simulation using the mission parameters defined by IPOWER. 
It is important to understand IPOWER’s processes so analysts and decision makers are 
enabled in planning “energy-aware missions in the field, analyzing prospective Soldier 
power systems and components, quantitatively explore energy-related ‘what if’ scenarios” 
(Stroman 2018a, 119).   
1. Energy Simulation 
According to (Stroman 2018a) IPOWER is a time-based model that uses algorithms 
with inputs of mission equipment and mission profiles (location, unit structure, timeline, 
carried equipment, and power system topology) to produce its analysis. The program 
analysis incorporates location and a series of distinct waypoints (start and end times) where 
certain mission activities are defined. Figure 1 presents a high-level overview of the 
IPOWER workflow. Operators are able to construct mission profiles (timelines) using 
IPOWERS’s pre-defined “mission blocks” (Stroman 2018a). 
 
Figure 1. IPOWER User Workflow. Source: Stroman (2018b). 
IPOWER operators are able to designate between three categories of equipment 
(loads, energy harvesters and batteries). Equipment and quantity can be assigned to specific 
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team members where some are using loads with batteries and/or energy harvesters. 
IPOWER gives the operator the option of displaying three different sets of results. Under 
the “selected run” option IPOWER only includes the equipment originally selected and 
carried during the mission. The “battery run” option identifies the minimum number of 
batteries that must be carried for mission success. The “optimized run” determines the 
lightest combination of selected equipment a soldier must carry for a successful mission. 
The result of each analysis is a plot of battery state of charge (SoC) throughout the mission 
(Stroman 2018a).  
2. Equipment Models 
IPOWER leverages an equipment database and parameters that dictate power 
consumption and production. The verified equipment database contains specifications of 
weight, material and performance data. Understanding IPOWER’s equipment model 
during active states will aid in the development of the discrete simulation. Equipment is 
categorized into three different types and modeled according to their type.  
• Loads: Each load draws power at a rate dictated by a load model 
parameterized by soldier activity. IPOWER assumes most loads are 
consistent and correlate with soldier activity. This approach excludes loads 
that may vary due to frequency (network) settings topology or 
topographical interreferences and assumes a nominal value (Stroman 
2018).  
• Energy Harvesters: Harvesters are separated into two classes: solar 
harvesters and kinetic harvesters. Solar harvesters are photovoltaic solar 
panels, whereas kinetic harvesters include knee-brace, rucksack, and other 
energy harvesters that convert soldier motion into electrical power 
(Stroman 2018). Kinetic energy harvesters are databased, similar to the 
loads, on the average power harvested solely based on soldier activity. 
Photovoltaic panel energy harvest is computed (equation 1) at each time 
increment as function irradiance (𝐼𝐼𝑔𝑔𝑔𝑔), the area of the solar panel (𝐴𝐴𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝𝑝𝑝) 
and efficiency 𝜂𝜂𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝𝑝𝑝(𝑇𝑇) due to temperature. Assuming the panel is 
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horizontally positioned or positioned for maximum irradiance the power 
produce is estimated.  
𝑃𝑃𝑆𝑆𝑆𝑆𝑝𝑝𝑔𝑔𝑆𝑆 = 𝐼𝐼𝑔𝑔𝑔𝑔𝐴𝐴𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝𝑝𝑝𝜂𝜂𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝𝑝𝑝(𝑇𝑇)                                          𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐸𝐸. 1 
The temperature dependent efficiency (percentage) is found using equation 2.  
 
𝜂𝜂𝑠𝑠𝑆𝑆𝑝𝑝𝑔𝑔𝑆𝑆(𝑇𝑇) = 𝜂𝜂@25𝑜𝑜𝐶𝐶 + 100𝐶𝐶𝑇𝑇(𝑇𝑇 − 25)                                         𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐸𝐸. 2 
 
IPOWER defines 𝜂𝜂@25𝑜𝑜𝐶𝐶as the efficiency at 25𝑆𝑆𝐶𝐶 and 𝐶𝐶𝑇𝑇 is the corresponding temperature 
coefficient (Stroman 2018a). 
• Battery: Battery usage and operation is the most detailed model to capture 
real-world performance as accurately as possible. SoC is tracked by 
integrating the flow of charge into/out of the battery and comparing to the 
total charge capacity of the battery. Charge capacity varies with ambient 
temperature and SoC according to an empirical model created through 
battery measurements in an environmental chamber (Stroman 2018a). 
Using open interpolated circuit voltage (OCV) values and equivalent 
series resistance (ESR) values from a database the battery voltage is 




(𝑉𝑉𝑆𝑆𝑜𝑜𝑜𝑜(𝑡𝑡) + �𝑉𝑉𝑆𝑆𝑜𝑜𝑜𝑜(𝑡𝑡)2 − 4𝑃𝑃𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏(𝑡𝑡)𝐼𝐼𝑝𝑝𝑠𝑠𝑆𝑆(𝑡𝑡)                       𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐸𝐸. 3 
Equation 4 uses the empirical voltage to calculate current. 
𝐼𝐼𝑏𝑏𝑔𝑔𝑏𝑏(𝑡𝑡) = 𝑃𝑃𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏(𝑡𝑡)/𝑉𝑉𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏(𝑡𝑡)                                              𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐸𝐸. 4 
Equation 5 estimates the total charge removed or added to the battery. 
𝑄𝑄𝑏𝑏𝑔𝑔𝑏𝑏(𝑡𝑡) = 𝑄𝑄𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏 + � 𝐼𝐼𝑏𝑏𝑔𝑔𝑏𝑏
𝑏𝑏
0
(𝑡𝑡)𝑑𝑑𝑡𝑡                                           𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐸𝐸. 5 





                                              𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐸𝐸. 6 
B. EFFECTS ON LITHIUM-ION BATTERIES 
It is important to have a general understanding of how a battery’s performance is 
affected by external and internal factors to implement specific characteristics into a desired 
model. Lithium-ion batteries (LIB) have become common power sources in numerous 
commercial and military electronics. A LIB’s performance is dependent on the batteries 
state of health, discharge/charge rates and temperature (Kumar et al. 2018). The state of 
health of a battery is affected by age. Over time, the conductivity of the electrochemical 
process (reaction between anodes, cathodes caused by an electrolyte) becomes degraded 
causing an overall increase of internal cell resistance (Kumar et al. 2018). High discharge 
and charge current rates cause LIBs to approach voltage limits faster. This causes the 
batteries not to be able to fully charge or discharge, ultimately decreasing the total energy 
capacity and increasing internal resistance. Ambient temperature is also a significant factor 
in battery performance. Like most reactions, the rate of the chemical reaction between the 
cathode, anode and electrolyte (battery cell) are sensitive to temperature. In a certain range 
the rate of reaction will increase as the temperature increases. “In general, temperature 
dependence of energy has a bell shape starting with an increase up to a maximum then 
energy decreases with temperature” (Kumar et al. 2018, A674). 
The Electrochemical Society released a report on an experiment conducted on 
lithium-ion cells. The cells were exothermically discharged at temperatures between -25º 
C to 55º C at varying C-rates (discharge current rate). The experiment produced Ragone 
plots showing the voltage over capacity allowing the research team to create the Energy-
Power Index (EPI). Figure 2 presents an overview of EPI, emphasizing that the “EPI (in 
%) is defined as the ratio of the root squared integrated area under the Ragone profile 




Figure 2. Energy-Power Index (EPI) Profile of Lithium-Ion Cells. Source: 
Kumar et al. (2018). 
Figure 2 shows a near linear increase in LIB efficiency up 25º C and becoming 
more stable from 25º C to 55º C. The study concluded the LIBs have relatively good 
performance at a wide range of temperatures achieving optimal performance around 25º C.  
C. USMC DOCTRINE  
Conducting a discrete event simulation with the addition of variability (limited 
randomness) will aid in further analysis of the IPOWER software. To achieve the 
objectives of this research, it is important to review Marine Corps doctrine to understand 
the missions that IPOWER is capable of modeling and to develop separate models 
simulating a single mission. The Marine Corps structure, energy equipment utilized by 
individual Marines, and basic mission tactics are relevant to this thesis. This study will 
focus on a single rifle squad and their particular mission objectives within a rifle company. 
The goal will be to produce a scalable product than can be applied to the platoon and 
company levels. 
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1. USMC Infantry Battalion 
The mission of an USMC infantry battalion as “to locate, close with, and destroy 
the enemy by fire and maneuver or to repel an enemy’s assault by fire and close combat” 
(U.S. Marine Corps 2015). An infantry battalion will generally consist of a “headquarters 
and services (H&S) company, a weapons company, and three rifle companies” (U.S. 
Marine Corps 2015, 5-5). The H&S company oversees the operations of the battalion and 
supporting units by providing the infantry battalion commander the necessary command 
and control resources. Weapons company supports the battalion’s scheme of maneuver by 
providing “medium mortar, antiarmor, heavy machine gun support, and fire support 
coordination” (U.S. Marine Corps. 2015, 5-7). An infantry battalion uses the rifle company 
as its basis to generate mission tasks. A rifle company generally consists of a “company 
headquarters, weapons platoon and three rifle platoons” (U.S. Marine Corps. 2015, 5-7). 
The structure of the platoon is depicted in Figure 3.  
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Figure 3. General Organization of a Marine Corps Rifle Company. Adapted 
from U.S. Marine Corps (2015). 
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An infantry battalion’s rifle company operates as a maneuvering element for the 
battalion and may conduct independent operations. The Marine Corps Reference 
Publication 1-10.1 (U.S. Marine Corps 2015) Organization of the United States Marine 
Corps lists the general assignment of a rifle company as: 
• Planning, coordinating, and directing the employment of the rifle platoon 
and attachments to conduct fire and maneuver. 
• Planning, coordinating, and directing the employment of the weapons 
platoon to provide organic direct and indirect fires in support of the 
company’s SOM (scheme of maneuver). 
• Planning, coordinating, and conducting ground combat operations and 
type operations, as directed, across a range of military operations in any 
expeditionary environment.  (U.S. Marine Corps 2015) 
Each rifle platoon generally has a platoon headquarters and three rifle squads. Figure 4 
depicts the structure of a rifle squad. Each rifle squad generally consists of 13 marines lead 
by a squad leader and three fire teams (U.S. Marine Corps 2019b).  
 
Figure 4. Marine Rifle Squad. Source: U.S. Marine Corps (2019b). 
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2. USMC Rifle Squad Offensive Operations  
The Marine Corps Interim Publication 3-10A.4i (U.S. Marine Corps 2019b) Marine 
Rifle Squad describes tactics, techniques and procedures employed by a rifle squads and 
the Marine Corps Warfighting Publication (U.S. Marine Corps. 2018a) Military 
Operations on Urbanized Terrain (MOUT) gives additional doctrine guidance as today’s 
Marines are deployed to conflict areas located in or near large urban environments. These 
references will be useful in understanding how Marine Corps units operate and in 
developing a vignette to model.  
Marine Corps doctrinal publication MCDP 1 (Warfighting), describes maneuver 
warfare as “ a warfighting philosophy that seeks to shatter the enemy’s cohesion through a 
variety of rapid, focused and unexpected actions which create a turbulent and rapidly 
deteriorating situation with which the enemy cannot cope” (U.S. Marine Corps 2018c, 
4-4). The (U.S. Marine Corps 2019b) divides the squad’s offensive maneuver in five steps 
consisting of “preparation, conduct, consolidation and reorganization, exploitation and 
pursuit” (U.S. Marine Corps 2019b, 48). This study will focus on the initial three for a 
single event as exploitation and pursuit are suited for prolonged campaigns.  For the 
purposes of this thesis, the following definitions are used: 
• Preparation: Initiates upon receiving a warning order. Actions during this 
step include moving to the designated assembly area, reconnaissance and 
rehearsals. This step concludes once forces move past the line of 
departure.  
• Conduct: Initiates once the squad starts moving towards a designated 
assault position. The final assault initiates the final assault position until 
the final coordination line is reached. Fire is either ceased and or shifted 
to supporting fire.  
• Consolidation and reorganization: Initiates when the squad regroups and 
replenishes supplies. The squad maintains knowledge of enemy location, 
establishes security/defensive position, self-assessment, receives 
additional updates/orders and prepares for follow-on tasking. (U.S. 
Marine Corps 2019b) 
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The Marine Corps uses six basic forms of offensive maneuvers to gain an advantage 
over its enemy. Each maneuver, “frontal attack, flanking attack, envelopment, turning 
movement, infiltration and penetration” (U.S. Marine Corps 2019a, 9-9), has a specific 
purpose and is chosen by the MAGTAF commander to accomplish a mission. This study 
will focus on a penetration maneuver to further develop a vignette.  
The U.S. Marine Corps describes a penetration as “form of maneuver in which an 
attacking force seeks to rupture enemy defenses on a narrow front to disrupt the defensive 
system” (2019a, 9-16). The objective of a penetration maneuver, depicted in Figure 5, is to 
create weakened enemy flanks open for additional attack. Penetrations maneuvers 
concentrate overwhelming force to overrun and deeply rupture a position. The maneuver 
continues by widening the penetrated gap for additional units as the objective is seized. 
 
Figure 5. Penetration. Source: U.S. Marine Corps (2019a). 
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The rapid advancement of penetration leaves an inherent risk of the force being 
attacked from  its flank by the enemy. Units must secure the shoulders of the penetration 
along with using the ability to rapidly mass fire support. Mobile mortars, mechanized units 
and especially aviation forces are well suited to provide fire support for a penetration 
maneuver.  
Fire support assets aid troop movement by enhancing the effects of unit fire and a 
unit’s ability to maneuver. The additional fire support capability increases the fighting 
power of a numerically inferior unit. Fire support is generally well planned and coordinated 
in advance of the mission. Fire support helps to mask troop advancement even prior to 
reaching final assault positions. Prior to a mission all unit members should know what fire 
support is available during the movement period and what pre-planned assaults have 
already occurred (U.S. Marine Corps 2019b).    
3. USMC Communication   
Radios are a vital to the Marines as they are often the only means of communication 
a squad has with friendly units. Radios aid in establish command and control, needed to 
conduct fire support, call for reinforcements or casualty evacuations. A USMC rifle squad 
may use a variety of vehicle mounted, pack or handheld radios throughout their mission. 
The equipment list presented in Table 1 will serve as a starting point for the definition of 
the physical architecture and simulation objects created in the operational model (U.S. 
Marine Corps 2019b). 
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Table 1. Infantry Battalion Equipment List. Source: Marine Corps Combat 




III. SCENARIO AND MODEL ARCHITECTURE  
This chapter begins with a general overview of the vignette developed by Alisa 
et al. (2019). The results of that study are used to develop an expanded systems architecture 
that can serve as the basis for an operational simulation model in ExtendSim. 
A. MODEL VIGNETTE 
IPOWER is dependent on the user’s ability to build an input mission blocks into 
the program. Vignettes are brief illustrations that describe the operational concept of a 
mission and help define models. Alisa et al. (2019) created a generic vignette that consisted 
of a marine rifle squad (BLUFOR) conducting a penetration maneuver against an opposing 
force (OPFOR). BLUFOR consists of a USMC rifle squad and a platoon commander. The 
OPFOR was assumed to be a similarly outfitted opponent, at least in numbers. The 
penetration operation can be interpreted in two major phases consisting of the plan/intel 
collection phase (Figure 6) and the attack phase.  
 
Figure 6. Vignette Phase 1 (Intel Collection). Source: Alisa et al. (2019). 
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Phase one consists of initial mission planning and intel collection. Initial planning 
consists of the Marine Air-Ground Task Force Commander deciding on the mission type, 
location, mission start time and theoretical task durations. The second phase-one activity 
is to collect area intelligence to gain information on the enemy’s activities or terrain. Phase 
1 starts when the two fire teams depart the patrol base (Start line 1) and move toward 
checkpoint one (CK1). Once at CK1, the fire teams separate by taking different paths to a 
named area of interest (NAI). Once intelligence has been collected, both teams return to 
base taking the same route. Figure 6 illustrates BLUFOR’s movements and gives specific 
distances.  
Phase two (Figure 7) begins with the entire platoon squad (three fire teams and 
platoon commander) moving from base (SL1) to checkpoint one. From checkpoint one two 
fire teams move to checkpoint 3 in preparation to conduct fire support from a defensive 
position. The remaining fire team moves to checkpoint two to conduct the penetration and 
seize the objective. The penetration attack concludes after OPFOR has retreated and 
BLUFOR clears the area (Alisa et al. 2019).   
 
Figure 7. Vignette Phase 2. Source: Alisa et al (2019). 
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B. MODEL ARCHITECTURE 
Using the capstone team’s vignette (Alisa et al. 2019), a high-level input-output 
diagram was created to show the controllable and semi-controllable inputs that will 
determine the outputs of the ExtendSim model (Figure 8). The objective of this model is 
to determine the energy consumption of the platoon squad throughout the mission. From 
the energy consumption the number of batteries needed by the platoon can be determined. 
How the equipment is used and duration of use is determined by mission objectives, 
temperature, and the terrain.    
 
Figure 8. High-Level Input-Output Diagram 
The temperature and terrain will also affect the durations of the mission by affecting 
the platoon’s ability to move between locations and as seen in the literature review 
temperature will affect the perceived battery capacity. The battery type, capacity, charge 
rate, and usage rates will be controlled/semi-controlled inputs. The model tracks and 
outputs the energy consumption of the specific equipment used by individual type 
(Figure 9). The individual types consist of one platoon commander, one squad leader, three 
fire team leaders and nine riflemen.   
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Figure 9. High-Level EFFBD 
The (Marine Corps Combat Development and Integration 2018) infantry battalion 
equipment list, Table 1, shows the apportion of the equipment that an infantry battalion 
may use. It does not list the specific equipment to individuals within the unit. Assumptions 
were made in assigning equipment to individual types for the model based on the radio 
type and intended purpose. Table 2 shows the equipment assigned to each individual type. 
Radios with long range transmitting and receiving capabilities were assigned to the platoon 
commander and squad leader. Smaller portable radios were given to the squad team 
members assuming all members would be equipped with a radio. This model mainly 
focuses on radio usage throughout the mission, but the model can also be used to determine 
energy usage of different battery-operated equipment. To demonstrate the versatility the 




Table 2. Model Equipment List 
Operator  Equipment Type Equipment Name  
Platoon CMDR Portable Radio(s) AN/PRC-150C Radio Set 
 
Squad Leader 
Portable Radio(s) AN/PRC-148  
Navigation AN/PSN-13(B) DAGR  
Fire Team Leaders Portable Radio(s) 
AN/PRC-152  
AN/PRC-117(V)1C Radio Set  
Riflemen Portable Radio(s) AN/PRC-153 (Motorola)  
 
The mission described by (Alisa et al. 2019) was decomposed into four essential 
functions (Execute Planning, Execute Observation, Execute Attack and Secure Area) that 
the rifle squad must complete to accomplish the mission (Figure 10). All individual types 
go through the same function tasks throughout the model. The model tracks the energy 
consumption during each activity, accumulates the total energy consumption of each 
individual and equipment type at the end of the model. The energy consumption is then 
used to determine the quantity of battery packs required for each individual type. The 
subsequent sections provide additional detail regarding each phase of the operation. 
 
Figure 10. Platoon Commander EFFBD 
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1. Plan  
Three essential sub-functions occur at time zero of the model. The plan phase 
(Figure 11) is defined as: Select the area of operation (AOR), make operational decisions, 
select equipment functions determine the operational, system and environmental variables 
that will affect the output of total energy consumption.   
 
Figure 11. Plan Functional Flow Block Decomposition 
IPOWER incorporates geographical location to determine a temperature to 
incorporate into its energy consumption calculations. This model  assumes temperature and 
terrain are two significant environmental factors that will affect the duration of the mission 
and battery performance.  It is not unreasonable to assume the terrain will also affect the 
efficiency a rifle platoon is able to move. This model applies a terrain multiple to simulate 
the rifle squad encountering various terrains. It is assumed this effect is minimal as the 
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model uses random number generator using a triangular distribution. The triangular 
distribution has a base range between 0.6 and 1.0. The peak (most likely value) of the 
distribution is assumed to be 0.9 . The model generates a value and applies it to each 
individual type’s speed at time zero. 
Temperature, as shown in the literature review, affects the batteries ability 
discharge and in addition this model assumes temperature will affect the speed the rifle 
squad will be able to traverse the terrain. An efficiency table (Table 3) was created for a 
range of temperatures recording the data points from the Energy-Power Index (EPI) profile 
and assumes values for the movement speed efficiency.  
Table 3. Efficiency Table 
Temp (F) Battery Capacity  Multiplier (EPI) 
Movement 
Multiplier 
5 0.75 0.60 
14 0.933 0.70 
32 0.96 0.80 
50 0.971 1.00 
77 1.00 1.00 
95 0.998 1.00 
113 1.002 1.00 
131 1.005 0.95 
 
JMP statistical software was used to fit regression plots and determine prediction 
expressions. 
• 𝐼𝐼𝑃𝑃𝐼𝐼 = 0.908342846 + 0.0014342955 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 64.625) ∗
((𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 64.625) ∗ −0.00002558) 
• 𝑀𝑀𝑆𝑆𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑀𝑀𝑡𝑡 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡. = 0.7971007054 + 0.0029863941 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 +
(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 64.625) ∗ ((𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 64.625) ∗ −0.00005722)  
The model takes a temperature input, random or controlled, and assigns each individual 
type a multiplier that affects the battery capacity and squad speed throughout the model.  
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Operational decisions are made in the planning phase that determine the type of 
mission, specific tasks the rifle squad will perform through the mission and determines the 
needed equipment (system variables). The decisions determine how the platoon operates 
and will affect the usage rates (operational variables) of their equipment. The usage rates 
for each individual type and equipment are unique to individual type and equipment. 
Usages rates are further defined into active and standby categories as radios consume 
higher currents when transmitting. It is assumed the radios are powered on throughout the 
entire model. The specific tasks that are performed are defined in the vignette and will be 
covered in the observe, attack, and secure area phases.  
2. Observe 
The observe phase directly follows the vignette moving the platoon commander, 
squad leader and two fires teams from base to the initial starting line in preparation to 
collect intelligence. Figure 12 shows the tasks each fire team will conduct during this 
phase.   
 
Figure 12. Observe Functional Flow Block Decomposition 
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The duration of all the move activities are based on speed and distance calculations. 
The initial move activity block assumes the fire teams are traveling via Humvees. Once the 
teams reach check point one, the teams split up and are assumed to travel on foot to the 
named area of interest (NIA). Each team collects intelligence, on the terrain or enemy, 
based on a duration between two to four hours. A random number generator using a 
triangular distribution determines the actual duration and is set at time zero of the model. 
The most likely value for the triangular distribution was set to three hours the values used 
in Alisa et al. (2019). Once a team has completed  collecting intelligence they return to 
base camp and wait for all platoon squad members before proceeding to the attack phase.  
3. Attack and Secure Area 
The attack phase beings once all members have returned to base. At this point, the  
model sends the entire platoon squad (three fire teams) to checkpoint one (Figure 13). All 
move activity blocks in this phase assume the platoon is moving on foot. The attack is 
coordinated  as depicted in the vignette the model that sends two teams in preparation to 
conduct support fire and one team moves to conduct the penetration maneuver. 
 
Figure 13. Attack Functional Flow Block Decomposition 
The durations of the attack and secure area phases are determined by random 
number generators using a triangular distribution. Based off Alisa et al. (2019) the most 
likely value the most likely value was set to two hours, and the model assumes a range of 
one to three hours. Once the secure area duration has concluded, all final power 
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IV. MODEL SIMULATION AND ANALYSIS   
This chapter begins with a high-level overview of the ExtendSim model and a 
description of the design of experiment (DOE) created to randomize and replicate 
controlled model inputs (factors) to make a statistical inference of the behavior of the 
ExtendSim model. This chapter will continue with brief review of the 2019 system 
engineering capstone team’s experiment (Alisa et al. 2019) and compare their IPOWER 
analysis with the results of the ExtendSim DOE. This chapter will also explore, through 
regression analysis, the factors that contribute the most to the battery usage in the model.    
A. DESCRIPTION OF EXTENDSIM MODEL 
Following the modeling approach described in MacCalman et al. (2016), this 
ExtendSim model incorporated the architecture and concepts developed in Chapter III. 
Figure l4 depicts the high-level functions/tasks (plan, observe, attack and secure) that must 
be accomplished to complete the mission correlating to what developed in Figure 10. 
Detailed descriptions of each phase are included in Appendix A. 
 
Figure 14. ExtendSim 10 Model 
This ExtendSim model’s plan phase (highlighted in blue) creates four different item 
types to represent the members of the rifle squad. The create-blocks produce one platoon 
commander, one squad leader, three fire team leaders and nine riflemen. The individual 
types are set using a numeric value to determine which tasks they will perform later in the 
model. In this phase equipment databases are assigned by individual. The temperature and 
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terrain effects were modified from random number generators to read from a database to 
support an experiment design.  
The items move through the rest of the model grouped by individual type. It was 
necessary to represent different fire teams to conform with the vignette established by the 
capstone team. Select-in-and-out blocks were used to separate the items by individual type 
allowing only two fire teams, the squad leader and platoon commander to go through the 
observe phase (highlighted in tan) before the entire squad moved through the attack 
(highlighted in orange) and secure phases (highlighted in red).  
Energy consumption is tracked as an item’s attribute and is calculated after each 
activity-block throughout the model. The Amp-hours used by equipment type is pulled 
before the items exit the model. The ExtendSim model produces the amp-hours used by 
individual type and equipment type. The number of batteries needed by equipment type is 
then calculated by a set of equation blocks shown in Appendix A.  
B. EXPERIMENT FACTORS AND RANGES  
One of the goals for this thesis was to expand on the analysis that was done by Alisa 
et al. (2019). The capstone team recommend three IPOWER capability improvements to 
increase the accuracy of the data reported. The capstone team recommended that IPOWER 
have a capability to simulate parallel activities, account for environmental factors and 
account for equipment efficiency. The ability to account for parallel activities was achieved 
through the model architecture seen in the “observe” and “attack” function flow blocks 
(Figure 13 and 14). The model also intends to capture the environmental effects of 
temperature and terrain type.  The full list of factors and their ranges used in the DOE are 






Table 4. List of Experiment Factors 
Type Factor (DOE Input) Min Max Unit 
Environmental Variable 
Temperature 20.00 120.00 F 
Terrain Multiple 0.60 1.00 % 
System Variable  
Battery Capacity  1.00 0.70 % 
Humvee Speed 13.40 24.60 m/s 
Troop Speed (Foot) 0.89 2.68 m/s 
Operational Variable 
Radio Transmission Use    
Move Phase 0.00 0.20 % 
Intel Collect Phase 0.01 0.40 % 
Attack Phase 0.20 0.60 % 
 
The temperature and terrain are environmental factors that have multiple effects on 
the model. Temperature affects the battery capacity and will have an effect on the duration 
of the movement blocks by applying the movement speed multiple discussed in chapter 
three. A wide experimental temperature range was used to capture temperatures seen by 
troops in common areas of operation. It is safe to assume that different operational area 
terrains affect the speed ground forces are able to traverse. The range of terrain multiple 
will affect the duration of the movement blocks in the model as it simulates different terrain 
types. The higher the multiple the flatter or smoother the terrain is assumed to limit the 
effect on the troop/Humvee speed. The reverse affect is assumed with a lower multiple.  
The DOE also varies the troop speed (on foot), Humvee speed and battery capacity. 
Troop speed will directly impact the duration items (squad members) spend in the move 
activity blocks which may impact the overall energy consumption in the model. Troop foot 
speed is based off a walking/jog speed between 2 mph and 6 mph. Humvee speed in this 
operation was assumed to be between 30 mph and 55 mph. From the literature review, the 
age of a battery is a factor in the battery’s performance. The DOE will vary the battery 
capacity to show how this affects the number of batteries need to complete the mission. It 
is assumed that there are no dead batteries and all batteries will be at least 70% of their 
original capacity.   
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Different phases of this mission require different amounts of communication. This 
will vary how often squad members are transmitting on the radios. Radio transmission is 
defined by the three major activities performed in the model, shown in Table 4. Their 
maximum and minimum values are estimates of the amount of time they will be used 
during those phases. It is assumed that radio transmission is significantly higher during the 
attack phase than during intel collection and troop movement. The radio transmission usage 
rates defined by (Alisa et al 2019) are inclusive in the ranges for this DOE. 
C. DESIGN OF EXPERIMENT  
A well-designed DOE is a benefit to any simulation as it allows for the exploration 
of trade-offs. Rather than using an unknown software algorithm to generate a DOE a design 
was chosen that was developed at the Naval Postgraduate School (NPS). A Nearly 
Orthogonal and Balanced (NOB) design was developed by Vieira et al. (2013). The design 
was built in continuation to the Nearly Orthogonal Latin Hypercube (NLOH) design to 
decrease pairwise correlation caused by rounding of discrete or categorical factors. Since 
most of the chosen factors are relatively small numbers, the NOB will help maintain a near-
orthogonal design. The NOB design template can be found on the NPS SEED Center 
website, available at https://nps.edu/web/seed/software-downloads (Vieira et al. 2013). 
The NOB of was used to build the DOE for this thesis. The template takes the 
minimum and maximum values of the eight factors listed in Table 4 and defines 512 design 
points. Figure 15 shows an excerpt of the 512 design points that were imported into the 
ExtendSim model. Each of the 512 design points were replicated thirty times. Using the 
central limits theory, a sample size of 30 will sufficiently account for the variability 





Figure 15. NOB Design (First 29 Design Points) 
D. DATA ANALYSIS (1-TO-1 COMPARISON)  
One of the goals of this thesis is to compare the data analysis conducted by Alisa 
et al. (2019) with the results of this thesis ExtendSim model. The team focused on the AN/
PRC-153 (handheld radio) as it had the highest usage throughout the mission. The team’s 
analysis consisted of four simulations assessing the capability of IPOWER. The baseline 
model consisted of 15 IPOWER activity blocks, each with a defined transmit usage 
percentage set by the operator (capstone team). In their baseline simulation a single AN/
PRC-153 required 3.3 batteries. Their first variation increased the transmit usage by 50% 
for each activity block. This resulted in the AN/PRC-153 requiring 4.5 batteries. Variation 
two increased the battery capacity of the radios by 50% in addition to the increased usage 
rate. This resulted in the AN/PRC-153 needing 3.5 batteries to complete the mission. 
Variation 3 adjusted the durations of multiple activities, none uniformly, causing there to 
be no change to the batteries needed from the baseline scenario (Alisa et al. 2019). 
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The NOB design provides a much broader and more robust experiment design, 
creating 512 design points or scenario variations versus only looking at 4 variations. JMP 
statistical software was used as means to conduct analysis, provide visuals of the data and 
provide a means to analyze data through regression. JMP was used to create a histogram 
and show a statistical summary (Figure 16) of the number of batteries required for the AN/
PRC-153 over the 512 design points. This ExtendSim model groups the total number of 
batteries needed by equipment instead of by individual unit. Over the 512 design points the  
riflemen (nine total riflemen) required a mean of 22.83 battery packs to complete the 
mission. Since it is impractical to carry only 0.83 of a battery, we will assume the model 
requires 23 batteries. This would equate to 2.55 packs per radio/person or rounded to 3 
battery packs per radio/person. 
 
Figure 16. Total AN/PRC-153 Batteries Histogram and Data Summary 
The capstone team’s baseline analysis, variations 1 and 2 would equate to 29.7 
batteries, 40.5 batteries and 31.5 batteries required for a total of 9 riflemen. Their results 
are shown to fall on the higher end of the distribution created by JMP. The capstone teams 
baseline model and variation 2 fall within the 97.5% quantile while variation 1 exceeds the 
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maximum value of the distribution. This could be due to the specific variation from 
increasing usage rates of all activities by 50% may be considered unlikely to occur. The 
model gives a median value of 22.5 batteries or a rounded value of 3 per riflemen. 
Rounding the capstone teams result this is a reduction of 1 whole battery and reduction of 
2 batteries from their variation 1. Even though this seems like a minimal reduction, it 
prevents ground soldiers from caring extra weight. This also would also result in fewer 
batteries required to outfit platoons which inevitably save the USMC money and help 
maintain their war reserve stock.    
E. REGRESSION ANALYSIS  
An advantage of building a stochastic simulation model, explored using an efficient 
experimental design, is the ability to identify the design decisions that have the largest 
impact on model results. Regression analysis will explore the effects of independent 
variables (factors from Table 4) and their interactions on the dependent variables (model 
outputs). This regression analysis can be used to find trends in the data, allowing for future 
prediction models and possibly provide better capability to IPOWER’s prediction software.  
1. Total AN/PRC-153 Batteries  
Instead of conducting an overall least squares regression including all factors and 
2nd order interactions, it is possible that a model with fewer variables will be able to provide 
an adequate prediction while using fewer variables. JMP’s stepwise regression was used to 
evaluate the data. The software evaluates multiple models by incrementally adding variable 
terms in the model. JMP uses the minimum Bayesian Information Criterion (BIC) to 
choose the best model with a limited set of parameters. A stepwise regression was 
conducted to find an appropriate model for the total AN/PRC-153 batteries needed. The 
results are shown in Figure 17.  
34 
 
Figure 17. JMP Stepwise Regression Analysis of the Total AN/PRC-153 
Batteries 
The results of stepwise regression present 23 candidate regression models with an 
increasing number of variables. Based on the BIC criteria, step 24 is identified as the 
preferred model (13 total factors, highlighted in blue). The RSquare values of subsequent 
models show little increase in their RSquare values.  Based on the results of the stepwise 
regression, least squares regression was conducted and evaluated using an actual by 
predicted plot. This plot offers a graphical assessment of how well the raw data fits the 
prediction expression, shown in Figure 18. If the prediction expression was a perfect fit to 
the actual data, the plot would show a perfect linear line of data points.  
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Figure 18. Total AN/PRC-153 Batteries Actual by Prediction Plot and 
Summary of Fit 
The prediction plot shows that the regression model is an excellent fit for the data. The 
effects summary (Figure 19) shows the significant independent factors and interactions that 
formed the model. The summary lists the variables in descending order of impact on the 
model and illustrated using the histogram. Notice only seven out of the eight independent 
factors from Table 4 are used in this model. The speed the rifle squad travel by Humvee 
was not a significant factor in this model. The Humvee speed variable does not appear until 
the 14th step (Figure 17) as an interaction with the terrain multiple.    
 
Figure 19. Total AN/PRC-153 Batteries Effects Summary Shows Factor 
Significance 
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2. Partition for Total AN/PRC-153 Batteries  
JMP’s ability to partition the data can be used as another method to evaluate 
variation due to independent variables. JMP’s partitioning segments data categorically by 
factor creating a hierarchal breakdown of factors that can be used to explain the model. 
The hierarchy can then function as a decision tree based of the factors from Table 4. By 
default, JMP will optimize the partitioning of the data to increase the model’s RSquare 
value. JMP’s default initial analysis (Figure 20) consisted of the attack usage rate being 
decomposed by the intel usage rate and battery capacity on the next level.  
 
Figure 20. JMP Optimal (default) Partition of the Total AN/PRC-153 
Batteries 
This optimized partition was used as reference to compare how well subsequent 
models explain the data. It should be intuitive to the reader that the frequency of radio 
usage will affect how many batteries are needed for the mission. Since the attack usage rate 
is the most significant variable in the model, shown in Figure 20, it is an appropriate factor 
for the first level of  decomposition. By default, JMP decomposes the attack usage rate 
with  the intel usage rate and battery capacity which provides the best representation of the 
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data but offers little actionable guidance when making a comparative decision of the same 
level. It is beneficial to see how the battery capacity percentage affects the number of 
batteries needed when the attack usage rate is above and below 0.39. Changing JMP’s 
default partition reduces the RSquare value to 0.623, shown in Figure 21.  
 
Figure 21. Partition of Total AN/PRC-153 Batteries Using the Attack Usage 
Rate and Battery Capacity 
Setting the battery capacity partition at 0.79 % shows an equal comparison of the 
number of batteries required when attack usage rate is above and below 39%. The hierarchy 
shows a mean of 26.5 batteries required when usage is greater than or equal to 39% of the 
phase duration. Additionally, variation in initial battery capacity affects this outcome. 
When usage is greater than or equal to 39% and initial battery capacity is greater than or 
equal to 79.3% the mean for batteries required is equal to 24.8. The mean increases to 30.3 
when the initial battery capacity is less than or equal to 79.3%. When the attack usage rate 
is less than or equal to 39% the mean decreases to 18.7 batteries required. Variation in the 
initial battery capacity also affects this outcome. When usage is less than or equal to 39% 
and initial battery capacity is greater than or equal to 79.3% the mean for batteries required 
is equal to 17.9. The mean increases to 20.5 when the initial battery capacity is less than or 
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equal to 79.3%. In summary, here we see an increase of two to five batteries required when 
the initial battery capacity is less than 79.3%. 
It may be hard for mission planners to estimate usage rates during a mission, as it 
is shown by this model that they are primary factors in predicting the number of batteries 
required. It is most likely the predicted environmental temperature will be known prior to 
an engagement. From the literature review, temperature and age of the battery affects its 
state of charge. Figure 22 was created show how only battery capacity and temperature 
affect the model. 
 
Figure 22. Partition of Total AN/PRC-153 Batteries Using Battery Capacity 
This partition only has an RSquare of 0.158, accordingly decision makers should 
also consider the potential impact of other factors. However, insights can be gained 
regarding initial planning decisions. It shows an increase in the number of batteries 
required when temperatures drop below 36.83 degrees Fahrenheit. In these low temperature 
situations, when the battery capacity is less than 82% the mean increases to 27.4 compared 
to 22.5 batteries required with a battery capacity greater than 82%. If mission planning 
included cold weather operations, this hierarchy would show the need to bring extra 
batteries especially if their state of charge is not verified. A similar insight exists for high 
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temperature (above 36.83 degrees Fahrenheit) situations.  When the battery capacity is less 
than 82% the mean increases to 24.9 compared to 20.8 batteries required with a battery 
capacity greater than 82%.  Note that in the high and low temperature situation, batteries 
expected to have less than 82% of their total capacity necessitate an additional four or five 
batteries, respectively, to complete the operation. 
3. Total AN/PRC-153 Amp-Hours  
It is worth exploring if the same factors have an effect on the total Amp-hours 
consumed by the nine riflemen. A stepwise regression was conducted, using the minimum 
Bayesian Information Criterion, to find the best model for the total AN/PRC-153 Amp-
hours consumed, shown in Figure 23.  
 
Figure 23. JMP Stepwise Regression Analysis of the Total AN/PRC-153 
Amp-Hours 
The results of this stepwise regression presented 17 candidate regression models. 
Based on the BIC criteria, step 18 is identified as the preferred model (seven total factors, 
highlighted in blue). Based on the results of the stepwise regression, least squares 
regression was conducted and evaluated using an actual by predicted plot. The graphical 
assessment of how well the raw data fits the prediction expression is shown in Figure 24. 
40 
 
Figure 24. Total AN/PRC-153 Amp-Hours Actual by Prediction Plot and 
Summary of Fit 
The prediction plot shows that the regression model is an excellent fit to the data 
and has a slightly higher RSquare value than the prediction model for the total batteries 
required. The summary of fit shows the riflemen consumed a collective mean of 39.78 Ah 
or approximately 4.42 Ah per riflemen. The variables and their impact on the model are 
shown in the effect summary (Figure 25).  
 
Figure 25. Total AN/PRC-153 Amp-Hours Effects Summary Shows Factor 
Significance 
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Here we see that the usage rates, for each phase, have the most impact on this 
model.  Unlike the effect summary for the total AN/PRC-153 batteries (Figure 19), this 
model does not include the battery capacity or temperature in its prediction model. This is 
most likely the result of ExtendSim collecting the total Amp-hours consumed before 
calculating the required number of batteries based on the battery capacity and selected 
temperature. Even though this model has a slightly higher RSquare value, the variables that 
are responsible for the majority of the variation are not controllable by a decision maker. 
There can be many unexpected factors that can cause the usage rates to increase or affect 
how fast troops move. While not within the scope of this study, there would be interest in 
examining how substantially the results change when the planned operation is executed 
with minimal communication, i.e. radio silence during operations. 
4. Top Five Significant Factors  
It is worth exploring the other equipment used in this model to see what factors had 
the most impact on the batteries required. Additional regression analysis was conducted 
for all the radio used and is shown in Appendix B. Table 5 lists the top five variables used 
in their respective prediction models, shown in order of significance. 




There was an expectation that the radio usage during the attack/intel phase and the 
radio’s battery capacity would be significant factors in all prediction models. Table 5 
summarizes the previous analyses and confirms our expectations. In addition, those three 
factors had the same order of precedence in all the models except for the AN/PRC-150. 
Both the AN/PRC-153 and AN/PRC-152 had the same top five factors and both prediction 
models have extremely significant correlation to the data.  
The regression analysis for the AN/PSN – 13(B) DAGR is also shown in Appendix 
B.  Its factors were not included in Table 5 because the prediction model only had a 
RSquare value of 0.12. This is because the DAGR does not vary its usage by phase and is 
assumed to be on for the entire duration of the model. The DAGR’s battery capacity, 
temperature, troop speed and the battery capacities interactions between troop speed and 
temperature were the only factors used in the regression model. After 512 design 
simulations the only  had a mean of one battery required for the mission. 
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V. CONCLUSIONS AND RECOMMENDATIONS  
A. SUMMARY 
The objective of this thesis was to inform USMC operational energy policy through 
an analysis of battery usage in infantry operations.  In support of that broader objective, 
this thesis conducted analysis of the USMC Expeditionary Energy Office’s IPOWER tool, 
a deterministic program a deterministic program which only focused on squad level 
operations, by developing a scalable simulation. To achieve this objective it was important 
incorporate operational/environmental variability and use a statistical method to make 
recommendations that increases the decision-maker’s understanding on what variables 
have the largest impact on battery usage.  
Chapter II introduced the program IPOWER to gain an understanding of how it 
uses the operator’s inputs of mission equipment and mission profiles to produce outputs of 
the energy consumption analysis. The discussion continues with a review of how IPOWER 
categorizes/defines different types equipment and reviews recent studies to learn what 
factors affect and to what magnitude of affect they have on the performance of lithium-ion 
batteries. This section concludes with a review of current Marine Corps infantry battalion 
structure and relevant offensive operational doctrine to help form a model.  
Chapter III used the IPOWER mission profile, operating conditions and equipment 
defined by Alisa et al. (2019) to create a model architecture. This architecture captured the 
operational activities and systems associated with energy consumption of  USMC radio 
equipment for a small unit operation. Chapter IV then used the developed architecture to 
create a discrete event simulation in ExtendSim. A nearly orthogonal and balanced design 
of experiments was created, which allowed for an analysis of the simulation, using JPM’s 
statistical software, to identify key performance variables and a comparison to the analysis 
of Alisa et al. It was concluded that the radios’ transmit usage rates and initial battery 
capacity have the most statistically significant impact to the number of batteries required 
to complete the mission. It was shown that the initial battery capacity and temperature were 
useful controllable or known factors that can allow the operator to gain additional insight 
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in the model’s behavior. The data distributions produced from the NOB experimental 
design showed the most likely number of batteries required to complete the mission. It was 
concluded that the analysis conducted by Alisa et al. fell within the higher quantiles of 
these distributions and may overestimate the number of batteries required to complete the 
mission. 
B. CONCLUSION   
The goal of this thesis was to further increase the decision-maker’s ability to 
support Marines in tactical environments, by using statistical methods to further analyze 
E2O’s IPOWER tool. This goal was accomplished by defining an IPOWER mission 
profile, developing an overall systems architecture capturing operational activities, and by 
creating a discrete simulation in ExtendSim of the defined IPOWER mission and its 
outputs. Accomplishing those three objects allowed for the analysis of the simulation to 
identify key performance factors and compare its results with IPOWER’s outputs. The 
analysis concluded that the initial battery capacity, attack and intel radio usage rates were 
the most significant variables for the warfighter to consider in his or her mission planning. 
The analysis also showed a mean of fewer required batteries to complete the mission than 
what was found by Alisa et al. (2019). Additionally, this work accomplished a higher-level 
goal which will help improve the Marine Corps management of the War Reserve Materiel 
Program, aid in the logistics of mission planning requiring high demands of energy and aid 
in the analysis (war gaming) of plausible future vignettes to develop future military 
strategies. 
This thesis shows that IPOWER is capable of calculating energy usage and 
additionally this work highlights the potential limitations of IPOWER. All models are only 
as reliable as the assumptions that constrain their output.  Opportunities for error occur 
without accurate equipment databases and for operators with limited to no operational 
experience. Due to a lack of available information from product descriptions, some 
assumptions were needed to define radio set performance parameters. Additionally, 
IPOWER gives significant control to the user by allowing the operator to define mission 
parameters, equipment usage rates, durations and  equipment parameters. This thesis, 
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through experimental design, shows there is significant variability when trying to define 
mission parameters in a program like IPOWER. It is impossible to predict exact mission 
durations, exactly how fast forces will travel, exact environmental conditions, initial 
battery capacities and their usage rates. This amount of variability can significantly 
influence IPOWER’s output and may give an unrealistic answer. The model developed by 
this this thesis incorporates variability into the user’s decision, allowing the operator to see 
a distribution of possible outputs. This allows the operator to assume a level of risk, how 
much of the distribution to include, in determining the appropriate  number of batteries 
required. 
C. FUTURE WORK 
One of the initial goals of this thesis was to determine how different methods of 
battery charging affected the total number of batteries required to complete the mission. 
Like many of the different types of batteries found on the commercial market the lithium-
ion battery packs used by the USMC also have the capability of recharging. The USMC is 
capable of Humvee and pack mounted recharging units to possibly decrease the number of 
batteries needed for missions, but there is little readily available information on the 
charging rates  achieved from their equipment. The vignette defined by Alisa et al. (2019) 
also did not support adding this capability at any phase to the model. To have a relevant 
1 to 1 comparison, this capability was excluded but can be easily implemented into an 
ExtendSim model. It is my belief the capability would benefit a campaign, where there are 
a series of missions without returning to base to resupply. It would be worth studying how 
much of an impact this capability has on the number of batteries required to complete 
different types of missions or a campaign.   
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APPENDIX A.  EXTENDSIM MODEL 
This appendix shows detailed, zoomed in pictures, descriptions of each phase. 
A. PLAN PHASE  
 
Figure 26. ExtendSim 10 Model (Plan Phase) 
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B. OBSERVE PHASE  
 
Figure 27. ExtendSim 10 Model (Observe Phase) 
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C. ATTACK PHASE  
 
Figure 28. ExtendSim 10 Model (Attack Phase) 
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D. SECURE PHASE  
 
Figure 29. ExtendSim 10 Model (Secure Phase) 
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E. ENERGY CONSUMPTION CALCULATIONS  
 
Figure 30. ExtendSim 10 Model (Energy Consumption Calculations)
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APPENDIX B.  ADDITIONAL REGRESSION ANALYSIS  
A. TOTAL AN/PRC—150 BATTERIES  
1. Stepwise Regression  
 
Figure 31. JMP Stepwise Regression Analysis of the Total AN/PRC-150 Batteries 
2. Prediction Plot and Summary of Fit  
 
Figure 32. Total AN/PRC-150 Batteries Actual by Prediction Plot and 
Summary of Fit 
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3. Model Variables   
 
Figure 33. Total AN/PRC-150 Batteries Effects Summary Shows Factor Significance 
B. TOTAL AN/PRC—117 BATTERIES  
1. Stepwise Regression  
 
Figure 34. JMP Stepwise Regression Analysis of The Total AN/PRC-117 Batteries. 
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2. Prediction Plot and Summary of Fit  
 
Figure 35. Total AN/PRC-117 Batteries Actual by Prediction Plot and 
Summary of Fit 
3. Model Variables   
 
Figure 36. Total AN/PRC-117 Batteries Effects Summary Shows 
Factor Significance 
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C. TOTAL AN/PRC—152 BATTERIES  
1. Stepwise Regression  
 
Figure 37. JMP Stepwise Regression Analysis of the Total AN/PRC-152 Batteries 
2. Prediction Plot and Summary of Fit  
 
Figure 38. Total AN/PRC-152 Batteries Actual by Prediction Plot and 
Summary of Fit 
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3. Model Variables   
 
Figure 39. Total AN/PRC-152 Batteries Effects Summary Shows Factor Significance 
D. TOTAL AN/PRC—148 BATTERIES  
1. Stepwise Regression  
 
Figure 40. JMP Stepwise Regression Analysis of the Total AN/PRC-148 Batteries 
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2. Prediction Plot and Summary of Fit  
 
Figure 41. Total AN/PRC-148 Batteries Actual by Prediction Plot and 
Summary of Fit 
3. Model Variables   
 
Figure 42. Total AN/PRC-148 Batteries Effects Summary Shows Factor Significance 
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E. TOTAL AN/PSN—13(B) DAGR BATTERIES  
1. Stepwise Regression  
 
Figure 43. JMP Stepwise Regression Analysis of the Total AN/PSN – 13(B) 
DAGR Batteries 
2. Prediction Plot and Summary of Fit  
 
Figure 44. Total AN/PSN – 13(B) DAGR Batteries Actual by Prediction Plot and 
Summary of Fit 
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3. Model Variables   
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